The enterococci possess genetic elements able to move from one strain to another via conjugation. Certain enterococcal plasmids exhibit a broad host range among gram-positive bacteria, but only when matings are performed on solid surfaces. Other plasmids are more specific to enterococci, transfer efficiently in broth, and encode a response to recipient-produced sex pheromones. Transmissible nonplasmid elements, the conjugative transposons, are widespread among the enterococci and determine their own fertility properties. Drug resistance, hemolysin, and bacteriocin determinants are commonly found on the various transmissible enterococcal elements. Examples of the different systems are discussed in this review.
Enterococcus (formerly Streptococcus)faecalis
(BM6201), and reports showing that erythromycin (Em) and tetracycline (Tc) resistance were encoded by two different plasmids (designated piP613 and piP614, respectively) in this strain soon followed (2) . In 1974 Jacob and Hobbs (3) reported that plasmid-encoded resistance determinants in Enterococcus faecalis JH1 could be transferred by conjugation in broth matings. In this case, resistance to erythromycin, tetracycline, kanamycin (Km) and neomycin was encoded on a plasmid designated pJH1, and a co-resident plasmid, pJH2, was found to determine hemolysin and bacteriocin activity. About the same time, Tomura et al. (4) reported a relatively high rate of conjugal transfer of an Enterococcus faecalis hemolysin/bacteriocin trait; however, a physical demonstration of plasmid involvement was not conducted. At the time, conjugative transfer was a rather novel phenomenon in gram-positive bacteria; with the exception of a single unconfirmed report nine years earlier in Enterococcus faecalis (5) , the only gram-positive organisms in which conjugation was known to occur were the strepto- mycetes. Today, of course, numerous plasmids, both conjugative and nonconjugative, have been identified in enterococci and characterized to various degrees (6, 7, 8) . Some nonconjugative plasmids such as pAM0tl can be mobilized at high frequency by certain conjugative plasmids (9, 10) , whereas other nonconjugative plasmids such as pAD2 are mobilized very inefficiently (11, 12, 13) . Chromosomal determinants were also found to be mobilized at low frequencies (14, 15) . Enterococci also commonly harbor conjugative transposons, elements able to transfer in the absence of a mobilizing plasmid (14, 16 ). The prototype of such an element is the Tc-resistance transposon Tn916, originally identified in Enterococcus faecalis DS16 (14) . Its discovery paralleled studies of a transferable, nonplasmid, multiple-resistance element in Streptococcus pneumoniae (17) .
Conjugative Plasmids
There are two basic types of conjugative transfer in enterococci: i) that which occurs in broth and at relatively high frequencies, and ii) that which occurs only on solid surfaces (e. g. a filter membrane) and at frequencies usually less than 10 -3. Thus far, plasmids which transfer in broth have been found to encode a response to recipient-produced sex pheromones, whereas surface-requiring matings do not appear to involve these compounds (6, 8) . In the case of conjugative transposition, transfer generally occurs only on surfaces.
Vol. 9, 1990 91 Multiple antibiotic resistance is common among the enterococci, especially among Enterococcus faecalis, and plasmids are ubiquitous in these organisms. After Jacob and Hobbs (3) reported conjugative resistance transfer, additional reports by others soon followed (3, 9, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Many examples have involved donor strains also containing a highly transferable hemolysin plasmid (3, 9, 11, 20, (26) (27) (28) (29) (30) (31) (32) (33) , and the extent to which the latter facilitated the mobilization of unlinked resistance determinants has not always been clear. There has been some effort to place resistance plasmids into different incompatibility groups (24, 34) . Clinical isolates shown to produce or respond to sex pheromones are much more likely to be resistant to antibiotics than strains that do not exhibit pheromone phenomena (35). Strains bearing hemolysin plasmids, which usually encode a pheromone response (see below), also tend to be resistant to multiple antibiotics, but it is rare for the hemolysin and resistance traits to be linked (26, 36). Hemolysin plasmids have probably played a significant role in the mobilization of resistance determinants located on other elements. The plasmid pAMI31, originally identified in Enterococcus faecalis DS5, has a very broad host range and transfers on solid surfaces to most gram-positive species that have been tested (6, 7) . This 26 kb plasmid encodes resistance to erythromycin, although the single erm determinant encodes the so-called MLS phenotype, indicating resistance to macrolides, lincosamides and streptogramin B. The MLS phenotype is common for many erm determinants among gram-positive cocci (7, 37 Other Enterococcus faecalis plasmids, such as pAM81 and pAM490 (46), also exhibit a broad host range among gram-positive organisms and probably have much in common with a number of plasmids that have been identified in various streptococcal species (7) . These plasmids tend to be similar in size and usually determine erythromycin resistance; they sometimes encode additional resistances. One such plasmid, piP-501 (47), originally from Streptococcus agalactiae, is easily acquired by enterococci and has been significantly characterized (48, 49, 50).
Plasmids that Respond to Sex Pheromones
Over one-third of clinical isolates of Enterococcus faecalis exhibit a clumping response when exposed to culture filtrates of plasmid-free strains (35, 36). The clumping-inducing agent was shown to correspond to a sex pheromone that induced a mating response by cells harboring certain conjugative plasmids (35, 51). Thus, when a plasmid-bearing donor culture is mixed in broth with potential recipient cells, the "clumping" that results represents the formation of large mating aggregates. The induction requires 30 to 40 minutes, and results in the synthesis of several surface proteins collectively referred to as "aggregation substance" (30, 52, 53). A wall component referred to as "binding substance", to which aggregation substance is believed to bind, is present on the surface of both donors and recipients (35). Once the recipient acquires a copy of the plasmid it shuts down the synthesis of the related sex pheromone but continues to synthesize other pheromones that are specific for donors with different plasmids (35). A plasmid-free strain produces at least five different sex pheromones, and it is likely that many more are actually excreted (8) . It is not surprising, then, that single strains have been found to harbor multiple pheromone-responding plasmids (10, 54) . If a strain harboring more than one plasmid is exposed to a pheromone specific to only one of the plasmids, then only the related plasmid is induced to transfer (53). Table 1 lists the known pheromone-responding plasmids along with some of their properties. It is noted that Enterococcus faecalis strains DS5 and HH22 each harbor three different pheromone-responding plasmids. Induction results in the appearance of immunologically unique surface proteins with sizes ranging from 52,000 to 190,000 daltons (Da) (52-55; K. E. Weaver and D. B. Clewell, unpublished data). In the case of pAD1, these proteins are referred to as AD52, AD74, AD130, AD153 and AD157; the dominant protein is AD74. Although the designations were originally intended to reflect the relative sizes, recent data have hydroxyamino acid residue, which conceivably could be modified as part of the plasmid-determined shutdown process. In addition, the structure of two inhibitor peptides, iPD1 and iAD1 (63, 64), is shown. The latter are competitive inhibitors that are excreted by donors containing pPD1 or pAD1, respectively. The role of the inhibitors is not clear; however, they probably serve to prevent self-induction by low levels of endogenous pheromone or by different pheromones with low levels of cross-reacting activity for the plasmid-specific pheromone receptor site. The iAD1 peptide is 50 % homologous with its corresponding pheromone, cAD1, whereas iPD1 and cPD1 are only 25 % homologous. Interestingly, iPD1 and lAD1 have three adjacent residues in common, and the heptapeptide cCF10 has four adjacent residues in common with iAD1. Synthetic sex pheromone and inhibitor peptides were found to have full activity and exhibited strong specificity for the related plasmid system. The pheromones are active at concentrations as low as 5 x 10 -ll M (59-62), and studies with c-CF10 (62) showed that a donor celt may sense as few as one or two molecules. Synthetic hybrids corresponding to cPD1 on the amino-terminal half and cAD1 on the carboxy-terminal half exhibited 10 % of the activity of cPD1 but had no cAD1 activity (65). The reverse was true for the converse experiment, with 1% of the activity of cAD1 and no cPD1 activity. The specificity of the peptide is therefore determined by the amino-terminal sequences. There is evidence that the structural determinant for iAD1 is located on pAD1, in that when the plasmid was introduced into a strain not exhibiting a cAD1 pheromone system (e. g. Enterococcus faecium 9790), lAD1 was excreted (66). In addition, recent studies (D. B. Clewell, F. Y. An and L. Pontius; to be published) have revealed the nucleotide sequence of iAD1 on pAD1. The genomic sequence shows what is probably a 22 amino acid precursor with the final eight residues at the carboxy-terminus corresponding to iAD1. Efforts to clone pheromone genes from the Enterococcus faecalis chromosome are ongoing but have thus far been difficult due to hybridization of probes to multiple regions. Genetic analyses have been conducted on pAD1 and pCF10 using transposon mutagenesis. Youngman (67) has developed several temperature-sensitive plasmid-transposon (Tn917) delivery systems which have been particularly useful. It has been possible to generate mutants defective in various aspects of the mating process (55, 68, 69). In the case of pAD1 (Figure 1 ), mutants have been obtained that are defective in the ability to aggregate (region F), and in these cases production of certain surface proteins is usually affected. Variants of this type usually transfer plasmid DNA if matings are performed on filter membranes. Other mutants are defective in the ability to transfer DNA (region G and H), but are normal with regard to aggregation. In addition, there are mutants that neither aggregate nor transfer (region E); these appear to involve a positive regulator necessary for expression of multiple transfer determinants. Tn917-lac transcriptional fusions within this area of pAD1 result in derivatives that can be induced to produce beta galactosidase upon exposure to cAD1 (55, 70).
There are also at least two determinants involved in negative regulation; insertions into these regions, traA and traB, result in constitutive expression of transfer functions and constitutive clumping (68). There is evidence that the traA product negatively regulates expression of region E, and recent data relating to traB suggest its product is involved in the shutdown of endogenous cAD1 production Analyses of pCF10 (71) The phenomenon relates, at least in part, to receptors that also recognize f-Met-Leu-Phe. The fact that certain mammalian leukocytes appear to recognize such compounds as cPD1 and cAM373 raises the possibility that these substances could influence the course of a related bacterial infection by enhancing or perhaps modifying the host response. Conceivably, some peptides could act to competitively inhibit the activity of certain chemotactic factors; such compounds might then be considered virulence factors.
An Amplifiable tet Nonconjugative R-Plasmid
The nonconjugative 9.3 kb plasmid pAMotl bearing tet was originally identified in Entero. coccus faecalis strain DS5 and was co-resident with the four conjugative ptasmids pAM[31, pAM~I, pAM92 and pAMO3 (9, 10, 77, 78) . It could be mobilized readily by any of the four conjugative plasmids, and it was possible to generate transconjugants that harbored only pAMc~l (9) . When cells harboring pAMal were grown in the presence of tetracycline for a number of generations, an increased level of resistance could be detected, and this could be cor- 
Conjugative Transposons
The initial identification of a conjugative transposon occurred in Enterococcus faecalis strain DS16 (14) . The latter is a multiply antibiotic resistant strain originally found to contain two V ol. 9, 1990 95 plasmids, pAD1 (see above) and pAD2 (11) . The latter determines resistance to erythromycin, kanamycin and streptomycin (Sm). The erm determinant is located on what was eventually found to represent Tn917 (12) . A tet determinant was found to be located on the chromosome. When tet was mobilized in mating experiments, most transconjugants were hemolytic, and some were found to be hyperhemolyric. The latter contained a 16 kb insertion in pAD1 close to the hemolysin determinant.
Insertions of a similar size into different sites on pAD1 could be found in other derivatives; some completely inactivated hemolysin expression. It was apparent that tet was located on a 16 kb transposon that could insert at multiple sites on pAD1; it was designated Tn916.
It was surprising at the time to find that plasmid-free derivatives of DS16 were able to transfer tetracycline resistance in filter matings (14, 92 
Other Transposons
More conventional (i. e. nonconjugative) transposons have also been found in enterococci. The above-mentioned Tn917 (5.3 kb; carrying erm) was originally identified on the nonconjugative plasmid pAD2 (12, 13) and is a member of the Tn3 family of transposons (112) . It was discovered on the basis of its ability to transpose to the highly conjugative pAD1. The general structure of the transposon, based on a sequence analysis (113, 114) , is shown in Figure (120); interestingly, it has significant homology with the corresponding region of Tn917 (117, 121, 122) . The internal 38 base pair sequence in Tn917 is in direct orientation with respect to the left end terminus; and extensions to the right of these two sequences, giving rise to direct repeats of 73 rather than 38 base pairs, provide additional homology (113) . Since they flank erm, recombination between the two might lead to deletion or amplification of the resistance determinant.
Although erm is inducible to a high level of resistance with erythromycin, it is important to note that some macrolides and lincosamides do not induce (37); in the latter cases, amplification might offer another means of elevating expression. An especially interesting property of Tn917 is its ability to undergo enhanced transposition on exposure to erythromycin (12) . Both resistance and transposition were inducible at erythromycin concentrations as low as 0.001 gg/ml but not 0.0001 gg/ml, suggesting a common or similar regulatory mechanism. Studies showed that this is probably related to transcriptional readthrough from the erm determinant imo the remainder of the transposon (113) . The Tn3-family transposon TnSO1, encoding mercury resistance, is another example of an element that can be induced to transpose by the compound to which it encodes resistance (112, 123) . Tn917 is extremely similar to Tn551, an element originally identified on a staphylococcal plasmid (114) . Tn551, however, expresses erm constitutively, whereas the erm of Tn917 is inducible. A Tn917-1ike transposon (Tn3871) occurs on the enterococcal multiple resistance plasmid pJH1 (124) , and very similar elements have been identified in isolates from various humans, chickens and pigs (125, 126 
Hemolysin/Bacteriocin

A significant percentage of clinical isolates of
Enterococcus faecalis produce a cytolytic protein that lyses human, rabbit and horse erythrocytes (6, 130, and see above). A recent study in Japan found that 60 % of Enterococcus faecalis strains associated with parenteral infections were hemolytic, in contrast to 17 % of strains isolated from faecal specimens (36); and hemolysin activity has been shown to contribute to virulence in a mouse model (131) .
The Enterococcus faecalis hemolysin also possesses a bacteriocin activity which inhibits a broad range of gram-positive species (132, 133) . The hemolysin/bacteriocin phenotype is usually encoded by a plasmid, which in the majority of cases is conjugative and determines a pheromone response (6, 36) . Plasmids such as pAD1 and pAM01 as well as a number of hemolysin/bacteriocin plasmids from Japanese isolates exhibit almost identical EcoR1 restriction profiles (134) . Other studies indicate most belong to the same incompatibility group (32), and many encode a response to the sex pheromone cAD1 (8, 36) . The hemolysin/bacteriocin activity is a twocomponent system where one component serves to activate lytic activity possessed by the other (135) . The two components are referred to as A (activator) and L (lytic). When mutants defectire in A grow as colonies on blood agar near mutants defective in L, a zone of hemolysis is generated on blood plates in a region between the two strains. The activation process therefore can occur extracellularly. The two proteins have been purified from Enterococcus faecalis strain X-14 and partially characterized (136, 137) .
The hemolysin/bacteriocin determinant (hly/ bac) of pAD1 has recently been analyzed by insertional mutagenesis and cloning approaches, and the regions determining the A and L components have been further defined (138) . Approximately 8.4 kb of DNA was necessary for hly/bac expression. In addition, the A component was found to be associated with host immunity to the related bacteriocin activity. It is interesting that hemotysin/bacteriocin plasraids such as pAD1 possess a site (or small region) in or close to the hem/bac determinant which behaves as a hot spot for many conjugative transposons (16) . This frequently results in inactivation or hyperexpression of the hemolysin/bacteriocin. In the case of hyperexpression, colonies give rise to zones of hemolysis three to four times the normal diameter on blood agar. In some cases, hyperhemolysis is stimulated by the presence of tetracycline in the blood plates. If tetracycline is not present in these cases, colonies initially appear nonhemolytic; but if the plates are allowed to incubate further for a few days at room temperature, a "wave" of hemolysis may be seen to spread through the plate. Hemolysis around one colony appears to trigger hemolysis of nearby colonies, until all have a hyperhemolytic appearance. The effect of tetracycline may be nonspecific, since a pADl::Tn916 derivative of this type which also had a Tn917 insertion could be similarly stimulated with either tetracycline or erythromycin (Y. Yagi and C. Gawron-Burke, unpublished data). It is therefore likely that the enhancement of hyperhemolytic expression in these cases arises from a drug-related "stress effect." The basis for hyperhemolytic expression relating to the insertion of conjugative transposons remains unknown. The possible role of an outwardly reading promoter on the transposon has been considered (110) . It is important to note that such a phenomenon has never been observed to occur with insertions of the more conventional Tn917, despite the fact that numerous insertions into the pAD1 hem/bac area have been generated.
Concluding Remarks
Like many other bacteria, the enterococci have a variety of elements that facilitate the intra-cellular and intercellular movement of genetic information. The intestinal location of these organisms and their abundance of plasmids and transposons suggests they may serve as a significant reservoir of genetic information available to other gram-positive bacteria in the gutmuch the way Escherichia coli is sometimes viewed as a reservoir of information for gramnegative bacteria.
The increasing clinical significance of enterococcal infections and related problems of multiple antibiotic resistance emphasizes the importance of conducting further research aimed at elucidating factors associated with colonization and survival of enterococci. The relatively recent acquisition of plasmid-borne resistance to gentamicin (20, 23, 128, 129 ) and a 13-1acta-mase-associated penicillin resistance (128, 139, 140) has left vancomycin as one of the few drugs remaining for treating serious infections such as subacute bacterial endocarditis, and the very recently detected plasmid-borne vancomycin resistance in a few clinical isolates is particularly disquieting (141, 142 
